Antifungal activities of the optically pure (>99%ee) (À)-and (+)-virgatusin, a tetra-substituted tetrahydrofuran lignan, were tested. (À)-Virgatusin, which is a natural product, showed highest antifungal activity against Colletotrichum lagenarium. Research on its structure-activity relationship was also performed. It was shown that two methoxy groups on 9 and 9 0 positions and a 3,4-methylenedioxyphenyl group on the 7 position of virgatusin were essential for high fungal growth inhibition. The part on 7 0 -phenyl group was not essential for activity. The 7 0 -(4-methoxyphenyl) derivative showed higher activity than that of (À)-virgatusin.
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Key words: virgatusin; lignan; antifungal activity Many antifungal compounds have been developed in the fields of medicine, agriculture, food science and the chemical industry. Further development of new drugs is needed owing to the emergence of fungal strains that are resistant to currently used antifungal agents. 1, 2) This is the reason that studies on structure-based drug design are still active. Structure-activity relationship studies are helpful for drug design and improvement of currently available drugs. Characterization of various drug targets has been achieved recently, contributing immensely to understanding the structure-activity relationships of antifungals and their targets. 1) (À)-Virgatusin (1) is one of the lignans that have a tetra-substituted tetrahydrofuran structure. This compound has been isolated from Phyllanthus virgatus which has been used as a herbal drug for liver treatment.
3) The most interesting feature of virgatusin is that both the 9 and 9 0 positions are oxidized. 4) There has not been a detailed study on the biological activity of this compound. This fact persuaded us to examine the biological activity of (À)-virgatusin. The synthesis of (À)-and (+)-virgatusin was accomplished, 5) giving optically pure (>99%ee) (À)-and (+)-virgatusin. This synthetic research enabled us to obtain optically pure virgatusin derivatives for biological studies. This article describes the enantioselective antifungal activity of (À)-virgatusin and its derivatives. Some reports about antifungal lignans have been published, [6] [7] [8] [9] however, the effects of stereochemistry and structure-activity relationship were not mentioned. The antibacterial activity of similar tetra-substituted tetrahydrofuran lignans was recently reported. 10, 11) One of them, 10) the influence of stereochemistry and partial structures was unknown. The virgatusin-related compound having enantiomeric structure of (À)-virgatusin showed antibacterial activity in our previous study. 11) This report includes the comparison of activity between enantiomers: also the structure-activity relationship is described, confirming the important structural portion for antifungal activity. Since many biological activities are known for lignans, the exact relationships between biological activity and lignan structure were not known. 4) Our results will contribute to constructing the database of structure-activity relationships of lignans. Even if biological activity is not so strong, naturally occurring biologically active compounds are important because of their safety, environmental issues and effective use of natural resources. In the field of chemical ecology, the biological activity of naturally occurring products is important information. The antifungal activity of (À)-virgatusin is compared with known natural antifungal polyphenols containing catechin in this article.
Experimental
Preparation of the compounds. All compounds were synthesized by the previously described method, 5) which gave an optically pure (>99%ee) compound. The numbering of compounds follows the literature for lignan.
12) NMR data were obtained with a JNM-EX400 spectrometer, and EIMS and FABMS data were measured with a JMS-MS700V spectrometer. Fungal strains and culture condition. The phytopathogenic fungi, Colletotrichum lagenarium, Altanaria altanata, Botoritis cinerea, Fusarium solani, and Fusarium oxysporum, were isolated from a farm at Ehime University and kindly presented by Dr. Ohguchi. Neurospora crassa was purchased from ATCC (#9277). The fungus was cultured on potato dextrose agar (PDA, Sigma-Aldrich, Canada).
Antifungal assay. The paper disc method was adopted for the first screening. Briefly fungal mycelia were spotted on the center of the PDA plate ('100 mm dishes) and incubated at 28 C until the colony diameter became 4-5 cm. Disc papers soaked in dimethyl sulfoxide containing chemicals were placed at the edge of the colony. Growth inhibition was observed after culturing at 28 C for 7-10 days. A further inhibition test was performed with the active compounds. Each compound was added to three aliquots each containing 3 ml of PDA at 50 C, mixed rapidly and poured into PDA plates ('50 mm dishes). Dimethyl sulfoxide only without a compound served as a control. After incubating at 28 C for 7-10 days, the area of the mycelial colony was measured by caliper. Figure 1 shows the (À)-and (+)-virgatusin (Virg 1 and Virg 6) and (À)-virgatusin derivatives which could be prepared by the described synthetic method to give optically pure compounds. 5) At first, the antifungal activities of (À)-virgatusin (Virg 1), (+)-virgatusin (Virg 6), Virg 2, and Virg 3 against various fungi were examined by paper disc methods at 25 mM. In this test, the natural product, (À)-virgatusin (Virg 1), showed strongest activity against C. lagenarium and weaker activity against A. altanata. Unnatural (+)-virgatusin (Virg 6) showed weak activity against C. lagenarium and A. altanata. Activity against other phytopathogenic fungi and N. crassa was not found. The relative activities against C. lagenarium of Virg 1, Virg 2, Virg 3, and Virg 6 were examined at 25 mM (Fig. 2) . (À)-Virgatusin (Virg 1) showed about 50% growth inhibition activity. On the other hand, (+)-virgatusin (Virg 6) had weaker activity, showing 10% inhibition. The activities of Virg 2 and Virg 3 were not observed. The enantioselective antifungal activity was observed, namely, (À)-virgatusin showed stronger activity than that of (+)-virgatusin. Because (À)-9,9 0 -Odemethyl virgatusin (Virg 2) did not show activity, it was assumed that hydrophobic groups were necessary on the 9 and 9 0 position for activity. As a next step, research on the structure-activity relationship was attempted. In this research, the effects of substituents of 9 and 9 0 positions, 7-phenyl, and 7 0 -phenyl groups on activity were examined. Compounds with the same stereochemistry as that of (À)-virgatusin were employed for the further biological tests. Figure 3 shows the structure-activity relationship on 9 and 9 0 positions at 100 mM. Even if the hydrophobic groups are present on 9 and 9 0 positions, the presence of a long group (n-butoxy, Virg 9), steric hindered group (tert-butoxy, Virg 10), and carbonyl group (acetoxy, Virg 11 and methoxycarbonyl, Virg 14) on 9 and 9 0 positions eliminated the activity. The activity of 9,9 0 -demethoxy virgatusin (Virg 12) disappeared even though Virg 12 is a hydrophobic compound. As expected, the dicarboxylic acids compound on 9 and 9 0 positions (Virg 13) did not show the activity. All 9,9 0 -derivatives did not show activity. It could be assumed that the methoxy groups on 9, 9 0 positions were necessary for antifungal activity. It was reported that (À)-verrucosin, which has a similar structure to Virg 12, showed antifungal activity against Cladosporium cladosporoides and Cladosporium sphaerospermum, 8) however, synthesized (À)-verrucosin ( Fig. 1) did not show antifungal activity against C. lagenarium in our experiment. Our synthesis determined the absolute configuration of (À)-verrucosin.
Results and Discussion
To investigate further structure-antifungal activity relationships, virgatusin derivatives Virg 15-Virg 18, in which the 3,4-methylenedioxy group on 7-phenyl group was replaced by other groups, were tested at 100 mM Growth (%) 9 9' Fig. 3 . Antifungal Activity of the 9,9 0 -Derivatives against C. lagenarium at 100 mM. (Fig. 4) . Except for Virg 15 bearing a 4-methoxy group, activity was not observed. The activity of Virg 15 was weaker than that of (À)-virgatusin (Virg 1). It could be assumed that steric factors were important for the activity because the 3,4-dimethoxy derivative (Virg 16) and 3,4,5-trimethoxyphenyl derivative (Virg 17) did not show activity. The extinction of activity of the 4-hydroxy-3-methoxy derivative (Virg 18) meant that the hydrophobic group was important on this position. The low activity of the 4-methoxy derivative (Virg 15) revealed that the 3-substituent was necessary for higher activity. These results suggested that the 3,4-methylenedioxy group on 7-phenyl group was necessary for higher activity.
To examine the effect on activity of substituents on the 7 0 -phenyl group, the virgatusin derivatives Virg 20-Virg 23 bearing methoxy groups on 9 and 9 0 positions and 3,4-methylenedioxyphenyl group on 7 position were tested. Except for Virg 23, the almost the same level of antifungal activity as that of natural (À)-virgatusin (Virg 1) was observed at 100 mM (Fig. 5) . The activity of 4-methoxy derivative (Virg 22) was a little higher than that of (À)-virgatusin (Virg 1). This fact meant that the 3-methoxy group on 7 0 -phenyl group is not necessary for antifungal activity. The existence of hydrophilic groups (Virg 23) eliminated activity, however, these results in Fig. 5 show that this area on the 7 0 -phenyl group is essential for the activity. The introduction of a spacer into this 7 0 -phenyl group might be effective to catch the receptor for (À)-virgatusin. Figure 6 shows the antifungal activity of (À)-and (+)-virgatusin, virgatusin derivatives, and known antifungal polyphenols against C. lagenarium at 25 mM. The tendency of the activity of 7 0 -(3,4-methylenedioxyphenyl) (Virg 21) and 7 0 -(4-methoxyphenyl) derivatives (Virg 22) at 25 mM was almost same as that of activity at 100 mM. Though the activity of 7 0 -(3,4,5-trimethoxyphenyl) derivative (Virg 20) was almost the same as that of (À)-virgatusin at 100 mM (Fig. 5) , the activity of Virg 20 was lower than that of (À)-virgatusin at 25 mM. The activity of (À)-virgatusin was higher than that of known antifungal polyphenols.
This research shows the antifungal activity of naturally occurring (À)-virgatusin against C. lagenarium for the first time. Especially high activity against C. lagenarium is interesting phenomenon in the field of chemical ecology. This activity was enantioselective and higher than that of known antifungal polyphenols. The results of this study about the structure-activity relationship showed that the core structures for higher antifungal activity were two methoxy groups at 9 and 9 0 positions and 3,4-methylenedioxyphenyl group at 7 position of (À)-virgatusin. This is important information about the structure-activity relationship of lignan.
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